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S - CUSSITCATION. gy,

HODuL TISTS OF A WIRG DUCT SYSTEH IOR

.- . AvxILamy AIR sUPPLY :

Bv David Biermann.and “labe W, uorson. Jr.
‘IHTRODUCTIOH

R Darinv the syring and suzmer of 1979 txe HACA con- -
- ducted for the Bureau of Aerorautics, Jevy Department,
.. series of tests to deterrine ‘the general aerodynanmic
.characteristics o7 a2n airplane nodel. These tests inw ,
" cluged a fairlr complete study of the coolin3 srstenm ine. S
tended for the Pratt & Whitner R-2800 enzine eouipped :
with a zeared two-stdge superczarier.

The cooling svstem embodied a convent*onal WACA
. cowliag for the cvlinder ccoling and a novel wlnq duct
svgtem for the carvuretor air, oil coolers, and inter-
coolers. -The airnlane 2as since Deen duilt ard the cool=
“ing srystem h2s veen reported to function satisfactorilv
In view of the succesaful oneraulon of this desizn, it is
believed that thae description of the wird~tunnsl tests
should be made available to the aviation 1niustrv as a
wihole in order that thew mav-be“e’it brr the experience’
. %aired in the development of tais .wing~-duct system. .Con=
~sequently, the most interestixzsg results fronm the orizinel . :
- test data, coverins only tiag winz-cduct svstem, have been B
~gelected and ere. 3iven in tais revort. ° . - SR '

| DESCEIRTIOH'OF»MOﬁEL‘AND.L?PARAjUS

- Mhe +es s“eqorted hera¢n vure uonuucted in tae nA
20-foot prove;ler-researén ‘tunnel. :

Lﬂrnlane model.~ maege ﬁests were rade on tae 1/2 75
scale model of a lqw-win” sinsg le-envine comoat airplane
nictured in figure 1., The - envine cowlinq was of circular

, cross section in tae'vicinitv of the e-linders. The wing=
" root section wag.the HACA 23018- *he actual maxinun thickee
}ness was. about 0.36 en’ine &iemeteg, mhe duct entrances

. ‘.' - B . i . _..z_ ',~“- . - < . !
[ : “ ’ ;‘-','-j ‘“;,»:f; "--,u_»'-,- Lol tee e 8 I
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were located in the lezding edge of the wing and the ducts
extended back to the 30-percent chord station. The radial
distance from thrust axis to the center of the duct en~
trance was about 0.29 propeller diameter. Distance from

~propeller disx aft to the duct entrance was O. 37 times

DPropeller diameter. The diameter of the model propeller
was 4.82 feet, being three times that of the engine.:

Wing ducts.—~ Three different sets of wing ducts were
tested with this model, the first being tne "original

.Cucts" delivered with the model. A picture of these ducts

‘is shown in figure 2 and a sketch in figure 3. These ducts
faired nicely into the contour of the wing root. The uppver
lip extended almost to tae leading edge of the wing. The

. lower l1liD was consideradlr aft of the wing leading edsge.

Lt the section of least area the combined entrance area of
the ducts was 34 square inches. A saort diffuser extend-
ed from the entrance into the hollow win3. The diffuser
expansion ratio was avbout one and a half. Space was left
between the end of the diffuser and the front svar to allow
air to flow into the hollow wing chamber surrounding the

- diffuser. From this chamber air flowed through round-

edge orifices sipulating o0il coolers and intercoolers, into

: the accessorv compartment, whence it was expelled into the

alr stream tarough an exit slot in the lower nart of the

. accessgory compartment. Control of tae coollng air was by

means of an exit flap located behind the ernzine cowl flaps.
Air flowing from the wing chamber into the supercharger

intake orifice was ejected throuzh exkhaust ports. No turn- ;

ing wvanes were provided within the ducts. Performance of
these ducts was 5enerallv unsatisfactory as will be noted
later,.

The "first modified ducts" represent the earliest at-
vempt to correct the faults in the original duects. These ™
tducts are pictured in figure 4 and shown sketched in fig-
ure 5. The first modified ducts, like the original ducts,
‘faired well into the wing; but the entrance lips protruded
slizatly above and beliow the leading edse of the wing
The entrance area was 34 square inches. The entire inte-
rior of tae duct acted as a diffuser. Part of the dif-
fuser extended from tiae duct ‘entrance aft to a set of tura=-
“ing vanes located on a diagonal line from wing spar to
leading edge. The regjion between turning vares and ori-
fice »nlate (intercoolers and oil ‘coolers) comprised the
remainder of the diffuser. Reference 2 is an pxpositiéhn
of tihe principles involved in the desisgn of the ducts.

2 T
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draj of model witkhou: duets.and wing smootlh; dras of.

o terna...lv° and drag of model with ducts open and air flow=

Althouzn the First odifzed ducts'functioned fairily
well as air inlets, they » recipmta%ed gn early wing stall
so had to be altered. LR

In the "firal modif sd auc*s"‘plctured in Tizure 6

Gifi
. 2nd shown sketched iz figure -7, the upver 1ip was drousgat

witain the outlines of th o"i’inal“winé in order %to:cor-
rect the Fault of the :1rst nodified duvets, viz, earlyr

vstali. The under lip was lowered more than that of the

Tirst modified ducts and was adjustadle so that two ern=~

trance areas could be investigated. The ducts were tested 1

with entrance areas of 35 ard 28.6 square inches (total
area Zor botha ducts). Tihe internal shape of the ducts
was aiso altered somewhat as mav te noted from tke sketch-
es. The round-edse orifices, walch represented the cool-

scale ducts could be simulated. A calidbraiiom of the

- screens lndicated that theilr conductivity was: 92 percent
’;of the desired value.

Provelier.~ The Dropelleﬁ used in tqese tests was a

‘three—~plade Hamtiton Standard’ C-Y 61592-A o0F 4.82.feet di-

,ers, were revlaced witk wire screen covering tae same area
‘a8 tae coolers so that the diffusion properties .of fulle-

azeter. Tals was driven oy a Eﬁ—norsepowerve}ectric motor.’

l

TZSTS

The original wind-tunnel tests on this model were of

considerable scope; those renvorted here deal only wit \
development of the wing ducts. < O0f primary 1nterest wes
the effectiveness of tre ducts as air inle? 0f seconde,

ary interest, Hut of equal importance, was the influence
of the wing ducts on the aerodynamic tehavior of the air- .
plane as a whole. With 21l three sets of wing ducts, and:

. with guetse exeved and wing smooth, 1ift measurements

were nade OVer at. angle-of=-attack fange waich went bevond
tae angle for maximum 1ift. Drag measurenents included:

rodel with ducts instailed and air passa3es plocked in-.

ing

vow T

e -

Preseres reasured wefe;'ﬁtdtél pressure at the duct
entrance, total pressurs on the upsireanm- side of ‘the oil

> 'T.-.‘:, n...

cooler and intercooler restrictions. ard static (total)

pressure. on the downstream side in the atcessory compart-

N



rent. During the tests with propeller removed, pressures
were measured at = series of angles of attacke Wita pro-
peller operating, the arn3zle of attack was aeld constant
while readings were teken at a series.of (V/nD) values
from zero to {(V/nD) of zero thrust. Tests were made

. with exit flap openings of 0°, 10°, and 18.5%; and propel-
. ler plade angles of 309 and 400 at tae tarse-quarter ra-
' dius. E ' EA 8 ’

. The tests were conducted at a tunnel gpeed °f °°°ut -
- 100 miles Der aour.

RESULTS

DR ¢ Tne following symbols and definitions have: been uSed
.~ . +in presenting the results.

S wing area, square feet

| mif$ '1 P air density, slugs per cubic_feof_
4. :bf ‘ iV»’ velocity of air stream (speeﬁ'of;fliﬁht)
E | q | dynamic pressure = % p ve |
D  drag-(symbol not used in report)
Cp drag coefficient = D/qgS
A L - 1ift
| . Oy 115t ccefficieﬁt = L/qS

&  angle of attack of thrust line’ (anrle of attack of
wing = a + 20 10'), L

D propeller diameter
ﬁ‘V.propeller:shaftxspeed, revolﬁfioie per second’
P Ppressure, pounde’fer squaie foot % .~<;,.-u  u'if?i
. - PR ‘total pressure at entrence of sterboard duet |
PL total preseure at entrance of porf dnct o

’v‘ . 'A‘\ o A “ o - [ L R N FN
a . - - Ty ™ . . - . v - . . - o ‘ - i *

o ' A T
> -




'.APZLtftoﬁalbﬁ#eeéﬁre lqse in di*fusar of port duct

.

. OPyp tOtﬁl,Preésureedron across intercooler and oil

-APZR--total'preeeuregloss in‘&i*fusef-eﬁ starboard et

”cdbler; sthrboard &uct

lLP4i total pressure drop acroség’ 1ntercooler and oil

cooler _port duet

AThe forhjd%éq'aﬁd coolin%:drai of the various dubte}

and the drag of the cowling exit flaps are shown in fig— -
ures B to 12. The effect of the ducts on 1ift is given
in figure '13. All other charts déal with pressures in

.the 2uxiliary cooling system. Pressures with original

ducts are’ riven in fi,ures 14 and 15 and with the first
modified ducts in fisures 16 and 17. - Figures 18 to 30
deal with pressures obtained with the final modified
ductse. Specific curves from the above figures are given
in figures 31 to 86 to show comparison oetween the taree
tynes of ducts. . D

e A

_DISCUSSION

e 3

. ,
M e

. ew

- (a) Low draz

‘.\ “

'“(b)j'Nb e’fect on. tne maximum 1ift of wing

;(e) ;Be unaffected bv normal chan’es in. tne attitude
> of the a‘rplane and fli’ht speeds
,'.'(d)i,Low internal ene y ;csses o '"'? i‘ ;_~:_.
. ’ N ~ .
(e) 4 pressure available at the ‘coolers and carbu-
retar -entrance .as -high as vossible (over q’
if ‘possible).: . .. i G e
The results of the present investivation have been
analyzed on the- bases: of these crlterions and listed in
the order named.hy BT # .,.Tq :

.

In fizures 8 to . 12 are nlots of bﬁe dra; df the modél

: A Z00d caoling svstem sdould have tae following prop— o
‘erties. : . ;
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i with the three entrance ducts installed. It may be noted
E that the drag of the model with ducts removed was differ-
4 ent for the three test conditions, which may be accounted
E for by differences in other parts of the model which pre- .
g valled at the time of the tests. The drag added by the R
ducts is in true perspective, however. The original ducts,
with air floving. increased the drag of the airplane about

13 percent at an angle of attack of -1°, which corresponds

to the high-speed condition of the airplane. » This high

drag is attrituted to the recessive lower 1ip which allows _
air to spill out at the high-speed flight condition. The -
first modified ducts had a slightly lower drag even though -
more cooling air was flowing through the ducts, as will bée =
noted later. The final modified ducts increased the drag: -

of the airplane 2 or 3 percent for the 36-square-inch en-. ' -
trance openings and about 5 percent for the 28.6-square-
inch entrances. #Although the protruding lower 1lip is not -
- conducive to the lowest possidle drag, it represents a
il - satisfactory arrangement for this airplane.

M - Figure 12 shows the increase in drag resulting from
S opening the controllable exit flap to increase the air -
4 . flow for the climb condition. ¥ The large increase in drag B
£ associated with increasing exit-flap angle illustrates the ’
s 8 necessity for properly designing the exit and controlling
the flow quantity for the high-speed condition..

..’ In figure 13 is shown the effect of the first modi-
fied ducts on the lift, which was to cause an early stall

; due to the small-radius upper lips. It is quite likely
3 , that this fault could have been remedied by increasing A
2 the 1lip radius had the defect been known soon enough.. Un= . .. .~
fortunately, the model was removed from the tunnel before =
~the duct characteristics were known; 50 no opportunity IR
was available at the time for eliminating the trouble. . =~ " =

When the model was put back in the tunnel at a later date, -
it was decided to install new ducts which were definitely ~ -
known to be good from the standpoint of stalling rather !
than take a chance on removing the defect,. even though. R
the latter course necessitated lowering the bottom lips .. . -+
4 more than good practice seemed to allow from the stand- - c

E point’ of drag. (See reference 1 for drag. results of dif—-‘ o
: ~ ferent entrance types.) o : S

o R R R i

The pressure characteristics of the.original ducts W
for the condition without the propeller are given in fig- |
ure 14; and with the propeller, in: figure 15. The front ,fug.vg
pressures Py and Py reach a value of q only through -~ @ ° .
an angle-of-attack range from 4° to the stall.. At the . .

¢ high-speed conditien (a = -1°) only 0.5 or 0.6 of dy- =
nenic pressure was available. which indicates that the ens. f

[




trance was no lonser at tae stagratioén voint. . The propel=~
ler nade the conlition ever worse because tre slipstream

§ N ' . rotation effectively Gdecreased the angle of atiack of the
- . righi wing root (see Tig., 15), althoush the condition for

v

3 . %he lerft ducet was improved.

Tre duct internal pré~sure ioss AP, was relatively.
i high, zmounting to over 0.2q for the useful flight range.
-+ .. Consequently, precsure availadble for cooling purnoses was
T~'ch. amounting to O.lic or less. Nezative oressures were :
. o . “ recorded for the riszht duct when the propeiler was operat- .
3 - .+ ing, ipdicatinz tae flow was- leavlng b war of the duct
- ‘ {'f' entrance instead of eantering

L)

Che pressures for the first modified ducts are pre- .
sented iIn 7igures 16 and 17. It is avparent that at attie
“tudes for high gneed, cruisirs, and slizht éiimu practi-~-
~c-celly full cynamic pressure was available a2t the duct en-

trances and that the pressure loss within the ducts vas. v

only about O.lg. Premature separation of fiow from the -~

duct upper 1lip is indicated by tiae duct enirance pressure .

curve as well as dy the 1ift curve. Pressure characteris- e
‘ tics of tae first modified dutts with propeller operating ‘
2y were Tairlyr 3ood, Tiae pressures in Yotk ducts were al-

: nost identical. The influence of the propeller on the N
pressures availadle on the Sround end et low V/aDd was C
especlilally favorable, as indicated Dy the excess of en- h
trance pressures over tie dynamic pressure (p = a, curve). -

Fizures 18 and 19 present the pressure data for the - *.
final modified ducts with 36-square ~inch eantrance area, l .
The total pressure availadle at he entrances was practi-
cally full dynamic pressure over the entire ran3e of an-
~5le. of attack at which prolornged cperation might occur.
At tihe attitude for high speed *he pressure loss in the R
ducts was of the order of 0.03q:- The Guct losses in- ST
creased somevriaat at the climbing anzles waich azparently
resulted 1an lower pressure drops across ths coolers.

Vith propeiler operatins at low. V/nD, the beneficial

effect of tlhe siipstrean was somerhat more pronounced on e
the port duct thar on the starcoard duct, dut was larje for -
both, At 3i=xn. alues of. 'V/aD ‘‘dota r’uc:‘.;s wvere affected S
egually, 'The mrevsure Toss’ ‘witain the ducts remained about . -
constant witi ‘cisnges-in V/nD ‘and anmounted to only abdout

~ 0.02q for the: aivh-sneed condition. ' The pressure available

: . Tor cooliag for ihe hic h-gspeed condition appears to dve

somevhat 3reater than that required, = condition that is

- ‘easilw remeaied ov inoreasin* the restrictior at the exit ¥
\slot., :




The cooling data for the 35-8gumare~-inch operings and

~for condition with flap set 109 and 18.5° are 3iven in fig-

ures 20 to 23. The onlv Important eifect of opening the
flap was to increase the pressure availadble for cooling.
The coolins pressure drop, AP,, ranged from adout 2q to
1.2q for the climbing values of V/nD from 0.5 to 0.8.

.(See fi,. 23.)

The pressure characteristics for the 28. 5-square~1nch
ducts are given in fisures 24 to 29. The only noticeable
effect of reducing the size of the entrance openings was

" to increase the internal losses slightly at tae expense of

tke cooling pressure drope.

In figure 30 is shown the effect of deflecting the .

" wing Tlaps to 507, Although the effects on the cooling

'system of lowering. the flap are uiimportant, it is inter-
.esting to note that the useful front pressure range was

" reduced, due to the increaged upflow an’le at tae leading

edze of tne wing.

Comparisons of the pressure properties of the tharee
ducts are given in figures 31 to 36. A definite improve-
ment in each succeedinz type of duct is quite evident.

CONCLUSIONS

A few general conclusions nmay be drawn from this .
studyr: .

Ting ducts offer an attractive method fof solving the

problem of cooling engine auxiliaries inasmuch as taey com-

oine reasonable simplicity with low dras and excellent
coolinz caaracteristics.
These tests indicate that from both the standpoint
of drag and pressures available in the duct entrances the
upper and lower lips should be located near.the plane of

the wirg lepding edge, even thoush this misht necessitate

moving the lips cutside of the wing contour. The upver
lip should rave a Senerous 1eadlnz~edve~rad1us of the same
order as that of the wing leadln” edge in order. to prevent
sevatratlion or premature wing stalling at high anzles of
attack. Care should be exercised 1n the desi’n.of the



diffuser to avoid sevaration. Turnins vanes should de
used if the air is to be turned throuzh larse anglles.

Langley Memorial Aeronautical Laboratory,

National Advisory Committee for Aeronautics,
' Lanzleyv Field, Va.

 REFERTNCES

il Biermann, David, and McLellan, Charles H.: Wind-
Tunnel Investigation of Rectanzular Air-Duct Ea-
trances ia the Leadins Edze of an NACA 23018 Wins.
HACA confidential report, 1940. .

2. Patterson, G, No: Nodern biffnsef Degisn. Aircraft

Envineering. vol. X, no. 115, Sept. 1938, pp. 207-
273. ,

]

;_.«‘

el




NACA ries- L2
reTC—"— H % ;




A v
~
-

wlsponp Buim jourbrip -+ ¢ 24nbi 4 o woiog : ]
: Y v ; A v ’ 3

— . o ey ot T v (oot TTTTTTTT T b
: . 1T 4
N vy vepg R s-f-}_/Tli
4 | , -
A :

. ! 4

! A

i

| W

_

]

| #

- — 1

410 bujjoo> ;

| . D dopeangaes| | PUD 40)24NqID )
F49[003 43/ pPUL [1O R SO 9
bunyuosaisdas 201140 . W G o

\

Jd 1
) fL

'0_. J malA juod

210 buyjoos
\ PUD 40}94nqID),

- —————— o — e —— e e

Z




NACA Figs 4,6
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NACA _ Fige.10,11
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